To study the potential usefulness of technetium-99m hexakis-2-methoxy-2-methylpropyl-isonitrile (Tc-MIBI) as a cardiac perfusion imaging agent, the left circumflex coronary arteries of 12 dogs were partially occluded. Eight additional control dogs had no coronary artery stenosis. Myocardial Tc-MIBI activities in the left circumflex and left anterior descending zones were continuously monitored by miniature implantable radiation detectors for 4 hr after administration of the isotope. The dogs were then killed. Serial gamma camera images were also acquired during the study. Heart rate, arterial blood pressure, pressure distal to the stenosis, and cardiac output did not change significantly during the experiment. Microsphere-determined regional myocardial blood flow was significantly reduced in the left circumflex distribution in the 12 dogs with coronary artery stenoses. In the 12 dogs with left circumflex coronary artery stenoses, the 4 hr fractional Tc-MIBI clearances from the normal and ischemic zones were minimal and equivalent (0.15 + 0.05 SD vs 0.15 ± 0.07). In the eight control dogs, 4 hr fractional Tc-MIBI clearances from the left anterior descending and left circumflex artery zones were minimal and equivalent (0.11 ± 0.06 vs 0.10 + 0.07). Four hour fractional Tc-MIBI clearance from the blood was 0.98 ± 0.03 for the dogs with stenosis and 0.97 + 0.02 for the dogs without stenosis. One additional dog had complete occlusion of the left circumflex coronary artery followed by administration of Tc-MIBI and scandium-46-labeled microspheres. This heart was immediately sectioned and counted to determine the relationship of regional blood flow to Tc-MIBI distribution (r = .92). Furthermore, the final technetium activity ratio (ischemic divided by normal zone = 0.53 + 0.19) measured in a well counter for the 12 dogs with stenosis was not significantly different from the initial flow ratio at the time of Tc-MIBI administration (0.47 ± 0.20), confirming the absence of redistribution. Gamma camera images were of excellent quality for as l-ong as 4 hr after isotope administration. Thus its linear relationship to regional myocardial blood flow, the minimal myocardial washout and redistribution, and the 140 keV gamma photon make Tc-MIBI a promising new cardiac perfusion imaging agent. Circulation 77, No. 2, 491-498, 1988. THALLIUM -201 has been widely used for the assessment of myocardial perfusion and the diagnosis of coronary artery disease. Unfortunately, its physical properties are not ideal for gamma camera imaging,' and myocardial image quality has sometimes suffered from external or self attenuation. This has resulted in considerable interobserver variability in interpretation of thallium images. Technetium-99m (99mTc) is much better suited for gamma camera imaging because of its 140 keV gamma photon. Previous attempts to link
99mTc to various carriers have been limited by poor myocardial uptake, toxicity, or high cost." 2 More recently, a new class of 99mTc-labeled radiopharmaceuticals has been introduced. These-have been found to have good myocardial uptake. Furthermore, one such radiopharmaceutical, 99mTc-hexakis-t-butyliso' nitrile, has been administered safely to patients. 3 Unfortunately, high initial lung uptake of the agent limited its usefulness for patient imaging. 4 5 99mTc.-hexakis-2-methoxy-2-methylpropyl-isontrile (Tc-MIBI) has been described recently as a myocardial perfusion imaging agent. Good myocardial uptake of the agent has been found in a number of animal species. 6 The agent has been administered safely to patients and good initial myocardial uptake has beeh demonstrated. 7 Accordingly, the objectives of the present study were (1) to determine whether the initial distribution of Tc-MIBI is proportional to regional myocardial blood flow in normal and ischemic myocardium, (2) to determine the kinetics of Tc-MIBI in normal and ischemic myocardium, and (3) to determine whether Tc-MIBI can be used to obtain highquality myocardial images.
Methods
Twenty adult mongrel dogs (mean weight 18.3 kg, range 14 to 23) were anesthetized with sodium pentobarbital (26 mg/kg iv). The dogs were intubated and placed on a respirator (Harvard Apparatus, South Natick, MA) with 5 cm of positive endexpiratory pressure and 95% oxygen. A 20cm vinyl catheter was inserted into the femoral artery to monitor arterial pressure and to obtain specimens of blood for the determination of arterial pH, Pco2, Po2, and microsphere reference samples. A 20 cm vinyl catheter was also inserted into the femoral vein for the administration of fluids as necessary. The heart was then exposed via a left thoracotomy and suspended in a pericardial cradle. A 10 cm vinyl catheter was inserted into the right atrium for Tc-MIBI administration. Another 10 cm vinyl catheter was inserted into the left atrium for monitoring left atrial pressure and for injecting microspheres for regional myocardial blood flow determinations. To measure cardiac output at the time of microsphere administration, a Swan-Ganz thermodilution catheter was inserted into the jugular vein and passed through the right atrium until its tip rested in the pulmonary artery. The proximal left circumflex coronary artery was then dissected free, and a hydraulic balloon occluder was positioned but not inflated. A small vinyl catheter was placed retrogradely into a distal branch of the left circumflex coronary artery for monitoring pressure distal to the balloon occluder.
Arterial, distal left circumflex coronary artery, and left atrial pressures (P231D transducers, Gould Inc., Oxnard, CA) were monitored continuously throughout the experiment and recorded on a Gould, Inc., eight-channel strip-chart recorder (Model 2800S). Specimens of arterial blood were obtained at frequent intervals to assess pH, Pco2, and Po2. Appropriate adjustments were made to maintain these variables in the physiologic range (pH 7.35 to 7.45, Pco2 30 to 40 mm Hg). Arterial Po2 was maintained above 100 mm Hg throughout the experiment.
A miniature cadmium telluride radiation detector attached to a modified arterial clamp was inserted through the left ventricular apex, positioned against the posterior wall epicardium, and used for on-line monitoring of technetium-99m activity distal to the balloon occluder. A similar detector was positioned against the left ventricular anterior wall epicardium. The physical characteristics of the cadmium telluride probes have previously been reported.8 The probes were connected via preamplifiers to a multichannel analyzer (Series 30, Canberra Industries, Meriden, CT), which allowed continuous monitoring and display of 99mTc activity in the two regions. Radiation data were recorded continuously on paper tape and magnetic tape as counts per minute. The effect of the radiolabeled microspheres on the technetium-99m count rate was minimal. Background counting just before Tc-MIBI administration demonstrated that the magnitude of the count rate due to the microspheres was less than 1.0% of the count rate after Tc-MIBI administration.
Preparation of Tc-MIBI. A stock solution of isonitrile salt (Cu[MIBI]4BF4) in distilled water was prepared at a concentration of 4.0 mg/ml. One milliliter aliquots of the solution were then frozen, to be thawed as needed for each experiment. The same procedure was followed for a stock solution of formamidine sulfinic acid at a concentration of 0.4 mg/ml. Before each experiment, 1.0 ml aliquots of each solution were thawed and 492 0.5 ml of each solution was added to a nitrogen-purged vial.
Without delay, 30 mCi of 99mTc04was added to the solution and it was then heated in a water bath at 1000 C for 10 min. After cooling, the appropriate amount of solution for 5 mCi of activity was withdrawn into a lead-shielded syringe. Thin-layer chromatography and Sep-pak analyses were performed on the Tc-MIBI compound to evaluate the purity of the radiopharmaceutical. The Tc-MIBI compound chromatographed with an Rf of 0.54. In the Sep-pak analysis, over 99% of the Tc-MIBI compound remained in the cartridge.
Experimental protocol. Figure 1 demonstrates the experimental protocol. Baseline steady-state hemodynamic measurements were recorded. After stabilization of pressures, a thermodilution cardiac output determination was made. Two million 15 to 17 ,um microspheres (36 ,uCi total activity) labeled with 95Nb, 113Sn, 103Ru, or 46Sc were injected into the left atrium to determine regional myocardial blood flow.9 The left circumflex coronary arteries of 12 dogs were then partially occluded by inflation of the hydraulic balloon occluder until there was approximately a 50% reduction in distal left circumflex coronary arterial pressure. Thirty minutes later, a second thermodilution cardiac output determination was made and a second set of microspheres was injected into the left atrium to determine postocclusion myocardial blood flow. The total number, mean size, and total radioactivity of the second set of microspheres were similar to those of the first set of microspheres. Five millicuries of the Tc-MIBI compound was then injected into the right atrium.
Normal and ischemic zone regional myocardial 99mTc activities were monitored continuously over a 4 hr period by the miniature implantable cadmium telluride radiation detectors. Serial gamma camera images were also acquired during the 4 hr study period. A third thermodilution cardiac output determination was made at the end of the 4 hr period. Regional myocardial blood flow was then determined with an injection of a third set of labeled microspheres into the left atrium. The total number, mean size, and total radioactivity of the microspheres were approximately the same as for the two prior microsphere injections. Arterial reference blood samples were collected for 2 min after each microsphere injection. To measure blood 9'mTc activity over time, 1.0 ml arterial blood samples were collected at 2, 4, 6, 8, 10, 10, 30, 60, 90, 120, 180, and 240 min after Tc-MIBI injection. The dogs were killed at the end of the study.
After death, the heart was removed and the area of the myocardium under each cadmium telluride radiation probe was subdivided into 24 inner, middle, and outer segments (0.8 to 1.2 g/segment). The myocardial and blood microsphere reference samples and the serial blood samples were counted in a well counter (Model 1282, LKB Instruments Inc., Gaithersburg, EXPERIMENTAL PROTOCOL LCX occlusi regional Tc counts and serial imaging FIGURE 1. Experimental protocol. LA = left atrium; RA = rigit atrium; LCX = left circumflex coronary artery. MD) for 5 min to collect at least 50,000 counts for each isotope. The serial blood samples were counted for 9-Tc activity within 12 hr of collection. The 99mTc was counted within a 120 to 180 keV window, the 113Sn within a 350 to 435 keV window, the 103Ru within a 450 to 550 keV window, the 95Nb within a 660 to 800 keV window, and the 46Sc within an 810 to 1200 keV window. A computer (PRO 350, Digital Equipment Corp.) was used to correct for spillover of activity from one window into another and to calculate regional myocardial blood flow from the myocardial sample activity and the activity in the reference blood samples obtained simultaneously with the adminstration of each isotope. Myocardial blood flow was expressed as ml/min/g of tissue and as a flow ratio of the left circumflex zone (stenosis zone) divided by the left anterior descending coronary artery zone (no stenosis zone).
Gamma camera imaging technique. Images of the heart were obtained with a conventional gamma scintillation camera (Mobile Radioisotope Camera, Model 420, Ohio-Nuclear Inc., Solon, OH) interfaced with a mobile nuclear imaging computer system (DPS 2800, ADAC Laboratories, San Jose, CA). A general all-purpose parallel-hole collimator was used, and a 20% energy window encompassing the 140 keV photopeak was selected. Imaging was performed in the left lateral projection with the chest open. Images were collected in a 128 x 128 x 16 matrix format at the time of Tc-MIBI administration and at 30, 60, 120, 180, and 240 min after Tc-MIBI administration.
Statistical methods. All results were expressed as mean ± 1 SD. The significance of a difference between means was assessed by a one-way analysis of variance and the Newman-Keuls multiple comparison test or by a paired t test.
Results
Hemodynamics data. Complete hemodynamic data were obtained for five of eight control dogs during the 4 hr experiment. Heart rate (beats/min) was 102 ± 16 before Tc-MIBI, 107 ± 13 after Tc-MIBI, and 98 ± 18 at the end of the experiment. There was no significant change in heart rate either after radiopharmaceutical administration or at the end of the experiment (p = NS). Mean arterial blood pressure (mm Hg) was 98 ± 9 before Tc-MIBI, 94 ± 12 after Tc-MIBI, and 92 ± 14 at the end of experiment (p = NS). Since there was no coronary artery stenosis in these dogs, distal left circumflex pressure was not significantly different from arterial pressure. Cardiac output (liters/min) was 2.4 ± 0.3 before Tc-MIBI, 2.4 + 0.7 after Tc-MIBI, and 1.9 ± 0.4 at the end of the experiment (p = NS).
Complete hemodynamic data were obtained for seven of the 12 dogs with coronary stenoses. Heart rate was 105 ± 21 before Tc-MIBI, 104 ± 20 after Tc-MIBI, and 90 ± 16 at the end of the experiment (p = NS). Mean arterial blood pressure was 86 ± 11 before Tc-MIBI, 86 + 13 after Tc-MIBI, and :.:.:.I 4.
hours 0 2 4 hours FIGURE 2. A typical time activity curve as displayed on the multichannel analyzer for a nonischemic (left) and an ischemic zone (right). The x-axis represents the time after Tc-MIBI administration and the y-axis represents counts per minute. This typical recording demonstrates the lack of system noise from minute to minute. 89 + 12 at the end of the experiment (p = NS). Distal left circumflex arterial pressure (mm Hg) was 24 ± 9 before Te-MIBI, 26 ± 15 after Tc-MIBI, and 21 ± 11 at the end of the experiment (p = NS). Cardiac outputwas 1.8 + 0.5 beforeTc-MIBI, 1. 5 ± 0.6 after Tc-MIBI, and 1.7 ± 0.6 at the end of the experiment (p -NS).
Myocardial blood flow data. The microsphere-determined regional myocardial blood flow ratios for the eight control dogs are found in table 1. At the beginning of the experiment, the mean ratio of left circumflex coronary arterial blood flow to left anterior descending blood flow was 0.98 ± 0.09. At the end of the 4 hr experiment, this ratio was 0.87 + 0.14 (p -NS). The final left circumflex zone divided by left anterior descending zone well counter technetium ratio at the end of the experiment was 0.97 ± 0.13. This was not significantly different from the blood flow ratio at the time of Tc-MIBI administration.
The microsphere-determined regional myocardial blood flow ratios for the 12 dogs with stenosis are also found in table 1. Before stenosis, the mean ratio of left circumflex coronary arterial blood flow to left anterior descending blood flow was 0.84 ± 0.14. After stenosis this ratio was significantly reduced to 0.47 ± 0.20 (p < .0001). At the end of the experiment, this ratio was still significantly reduced to 0.47 ± 0.17 (p < .0001).
The final left circumflex zone divided by left anterior descending zone well counter technetium ratio at the end of the experiment was 0.53 + 0.19. This was not significantly different from the blood flow ratio at the time of Tc-MIBI administration, indicating the absence of Tc-MIBI redistribution during the 4 hr period. 494 Myocardial and blood kinetics data. Figure 2 demonstrates the time activity curves for both the left circumflex and left anterior descending zones for one study dog as recorded on the multichannel analyzer. This figure demonstrates the lack of signal noise over the 4 hr recording period. Figure 3 demonstrates examples of decay-corrected myocardial Tc-MIBI clearance curves for both the left circumflex and left anterior descending artery from one control dog. There was no apparent difference in the clearance rates from these two zones. Figure 4 demonstrates the decay-corrected Tc-MIBI myocardial clearance curves for the left circumflex and left anterior descending zones from a dog with stenosis. There was no apparent difference in the washout rates for this dog. Table 1 contains the Tc-MIBI decay-stenosis zones. Mean fractional clearance was 0. 15 ± 0.05 for the left anterior descending control zone and 0. 15 ± 0.07 for the stenotic left circumflex zone (p -NS). Blood Tc-MIBI clearance was 0.98 ± 0.03 over the 4 hr period. Myocardial technetium activity reached peak activ-X zone ity within the first minute after injection of Tc-MIBI.
kD zone
Myocardial technetium activity clearance was minimal and therefore could not be modeled. Figure 5 demonstrates the myocardial gamma camera images from a control dog over the 4 hr imaging period. Gamma camera images were of excellent quality and demonstrated no qualitative defects in the con-180 240 trol dogs. Splanchnic activity was prominent and lung activity was minimal. for the ischemic (left Figure 6 demonstrates myocardial gamma images nyocardial zones for from one dog with stenosis. Gamma camera images tshout from the two from these dogs were of excellent quality and all demonstrated a persistent posterior wall defect. Again splanchnic activity was prominent, and lung activity -corrected myo-was minimal. Images at 4 hr continued to demonstrate caruiai anca bioou ciearance lata tor tme eignt controi dogs. Myocardial clearance of Tc-MIBI was defined as the peak minus final background and decay-corrected 99mTc counts measured with the cadmium telluride probes divided by the peak counts. Blood clearance of Tc-MIBI was defined as the peak (2 min) minus the final (240 min) background and decay-corrected 99mTc counts measured in the well counter divided by the peak counts. Tc-MIBI myocardial clearances were minimal and not significantly different for the left circumflex and left anterior descending coronary arterial zones. Mean fractional 4 hr myocardial clearance was 0.11 ± 0.06 for the left anterior descending zone and 0.10 ± 0.07 for the left circumflex zone. Blood Tc-MIBI clearance was 0.97 + 0.02 over the 4 hr period. Table 1 also contains the Tc-MIBI decay-corrected myocardial and blood clearance data for the 12 dogs with stenosis. Tc-MIBI clearances were again minimal and not significantly different for the stenosis and no initial 30 mm. 240 min. after ijtn after i njection good image quality. Figure 7 demonstrates myocardial images from the same dog as in figure 6 except that a lead shield has been placed over the abdomen. There is a prominent and persistent posterior wall defect.
Relationship of blood flow to initial Tc-MIBI distribution.
The data from the one dog killed immediately after Tc-MIBI administration demonstrated a close correlation between regional myocardial blood flow and technetium activity. The correlation coefficient was .92 ( figure 8 ).
Discussion
In this study we have defined the myocardial kinetics of Tc-MIBI under rest conditions in normal and flowrestricted myocardium. Time activity curves demonstrated rapid time to peak activity within the first minute for both normal and ischemic zones. The initial dis- after injection afte tribution of Tc-MIBI was proportional to myocardial blood flow. Canby and Pohost' 0 have also demonstrated a linear relationship between myocardial blood flow and Tc-MIBI initial distribution. After the initial uptake, the current study also demonstrated that myocardial clearance was minimal and not significantly different for the normal and ischemic zones. From a clinical standpoint, such kinetics would predict that image quality would be stable over several hours. In the current study, images acquired over 4 hr did demonstrate stability over this time. Thus Tc-MIBI can be administered whenever perfusion is in question, and imaging can be performed electively at a convenient time up to several hours later. The current study also demonstrated no significant difference between the final 4 hr technetium activity ratio for the ischemic divided by normal zone as determined in a well counter and the blood flow ratio at the time of Tc-MIBI administration. Since the initial distribution of Tc-MIBI is proportional to myocardial blood flow, there was no significant Tc-MIBI "redistribution" during the 4 hr period in the 12 dogs with stenosis. The lack of redistribution was confirmed by the lack of diferences in regional myocardial washout between the normal and ischemic zones as measured by the multichannel analyzer. Finally, serial images obtained over the 4 hr period in these dogs demonstrated no evidence for redistribution. 30 mm. after injection FIGURE 6. Gamma camera images from a dog with a left circumflex artery stenosis. An initial inferior/ posterior defect is readily detectable on the initial images and persists at 4 hr. There is no evidence of redistribution. Splanchnic activity is prominent. The heart orientation is the same as in figure 5 . 40 mn.
,r injection
Clinically, the absence of redistribution would further allow for the acquisition of initial myocardial images at one's convenience rather than immediately after administration of the isotope. However, compared with thallium imaging, the absence of redistribution may make it difficult to assess myocardial viability with a single study. A second study performed at rest several days after the exercise study may be necessary to differentiate ischemia from scar. Alternatively, a double dose with subtraction technique might be applicable, as has been described with thallium, to obtain rest and exercise images on single day.t Alternatively, Merz et al.12 have combined myocardial perfusion imaging with Tc-MIBI and simultaneous gated regional wall motion assessment to discriminate between myocardial ischemia and scar.
Mousa and Williams13 have determined that Tc-MIBI is 40% extracted on first pass through the myocardium in guinea pig heart preparations. The uptake of Tc-MIBI approaches saturation after about 50 min of continuous infusion of a solution containing 5 mCi/liter. When hypoxia is induced by preequilibration of the perfusate with a nitrogen and carbon dioxide mixture, the rates of uptake and levels of saturation are greatly reduced. Furthermore, the membrane to cytosol ratio is 0.04 in normal hearts but is increased to 0.4 in hypoxia hearts. Gel filtration high-pressure liquid chromatography of the cytosolic extracts shows Tc- MIBI to be bound to a fraction that coelutes with a protein standard of 5 to 8 x 103 mol wt. The authors have concluded that uptake and retention of Tc-MIBI to the heart is specific and potentially related to physiologic variables in addition to blood flow. 13 In another set of experiments, the same investigators occluded a canine coronary artery for 2 hr then administered Tc-MIBI 30 min after reperfusion. They found that the Tc-MIBI uptake ratio was significantly reduced from unity. This again suggested to the investigators that Tc-MIBI uptake was related to more than coronary blood flow. 14 Leppo and Moring15 have studied the myocardial transcapillary exchange of Tc-MIBI in blood-perfused isolated rabbit hearts. Myocardial extraction ranged from 0.21 to 0.52 and was inversely related to blood flow (r = .80). The mean capillary permeability surface area product (ml/g/min) for Tc-MIBI was 0.43 and was threefold lower than for thallium. Nevertheless, despite the lower extraction efficiency for Tc-MIBI, it is believed that the advantages of photon statistics, cost, and clinical availability warrant further investigation.
Hemodynamic and Tc-MIBI myocardial kinetic data in patients. During the current studies, no hemodynamic changes were detectable during and after Tc-MIBI administration. The absence of hemodynamic effects has been confirmed in patient studies.7 In addition to hemodynamic variables, blood elements, chemistries, and urinalyses have also been followed over a 2 week period and safety data have been within normal limits. These patient studies have indicated that the initial heart uptake is 2.84% of injected dose at rest and 3.2% of injected dose after stress. Blood levels at 5 min after injection were 9.3% of injected dose at rest and 6.3% of injected dose after stress. Urine 24 hr excretion was 15.9% of injected dose. Based on these results and the Vol. 77, No. 2, February 1988 dosimetric data, the allowable dose was calculated at greater than 20 mCi. Wackers et al. 16 have also studied Tc-MIBI uptake in patients. At rest, initial Tc-MIBI accumulation was highest in the liver, and then slowly decreased over a 2 hr period. At rest, cardiac activity was almost constant over the first 60 min period and higher than liver activity at 120 min. After exercise, Tc-MIBI activity was highest in the heart at all times. Tc-MIBI images were of better quality than thallium-201 images in the same patients as determined by better heart-to-lung ratios. On the basis of results, it was believed that the optimal timing for Tc-MIBI myocardial imaging was at 60 min after injection at rest and with exercise. administered Tc-MIBI to 16 normal volunteer adults and 19 patients with coronary artery disease. Segmental agreement between thallium-201 and Tc-MIBI on exercise studies was 89%. Only two patients with coronary artery disease had normal Tc-MIBI exercise images. Watson et al. 17 have administered Tc-MIBI to five patients with prior myocardial infarction and residual ischemia on thallium images. These investigators found no statistically significant differences for the initial myocardial distribution of Tc-MIBI when compared with thallium. Maddahi et al.'8 studied seven patients with both planar and tomographic Tc-MIBI imaging. These investigators found lower detect contrast on planar Tc-MIBI images when compared with thallium, but there was no difference between thallium and Tc-MIBI on tomographic images.
In conclusion, Tc-MIBI is rapidly taken up by nonischemic and ischemic canine myocardium at rest in proportion to regional myocardial blood flow. After achieving peak myocardial concentrations rapidly, there is a very slow washout of Tc-MIBI from both nonischemic and ischemic myocardium. The good myocardial uptake, slow washout, and lack of redistribution produce excellent static myocardial images in dogs over several hours. The image quality is further enhanced by the favorable photon fluxes and lack of self and external attenuation. When compared to thallium-201, Tc-MIBI should have the additional advantage of rapid availability. These properties make Tc-MIBI a promising new cardiac perfusion imaging agent.
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